We report a detailed Raman scattering study of the lattice dynamics in detwinned single crystals of the underdoped high temperature superconductor YBa2Cu3O6+x (x=0.75, 0.6, 0.55 and 0.45). Whereas at room temperature the phonon spectra of these compounds are similar to that of optimally doped YBa2Cu3O6.99, additional Raman-active modes appear upon cooling below ∼ 170−200 K in underdoped crystals. The temperature dependence of these new features indicates that they are associated with the incommensurate charge density wave state recently discovered using synchrotron x-ray scattering techniques on the same single crystals. Raman scattering has thus the potential to explore the evolution of this state under extreme conditions.
I. INTRODUCTION
When charges are injected into the Mott-insulating, antiferromagnetically ordered CuO 2 planes of layered copper oxides, antiferromagnetic long-range order is rapidly suppressed and is eventually replaced by high temperature superconductivity [1] [2] [3] . At low doping levels, diffraction methods have revealed spatially periodic modulations of the charge density in the CuO 2 planes. Two such patterns have been identified: the "striped" state in which antiferromagnetically ordered regions are separated by charged domain walls, which has been extensively studied in the '214' family [La 2−x Ba x CuO 4 and La 2−x−y Sr x (Nd,Eu) y CuO 4 ] 4-12 ; and the biaxial charge density wave (CDW) state recently discovered in '123' compounds of composition (Y,Nd)Ba 2 Cu 3 O 6+x 13-20 and in Bi-based superconductors 21, 22 . Whereas the data show clear evidence of competition between static stripe and CDW order and superconductivity, the influence of correlated charge fluctuations on d-wave Cooper pairing in the cuprates remains one of the central research questions in this field.
The spectroscopic determination of the dispersions and linewidths of lattice vibrations is a promising avenue to explore this issue, because they are expected to couple to charge fluctuations via the electron-phonon interaction 23 . Inelastic neutron scattering (INS) and inelastic x-ray scattering (IXS) studies have indeed revealed anomalous dispersions of the Cu-O-Cu bond-stretching and bond-bending vibrations of doped cuprates [24] [25] [26] [27] [28] [29] [30] [31] . In the 214 system, the wave vector of the bond-stretching phonon anomalies detected by INS is compatible with stripe order. However, in order to provide a firm basis for the quantitative interpretation of these effects, it is desirable to identify clear manifestations of static stripe order in the electronic band dispersions and/or the phonon dispersions. In particular, one generally expects a Fermi surface reconstruction as well as new phonon modes at the Brillouin zone (BZ) center due to folding of the crystallographic BZ in the stripe-ordered state. However, to the best of our knowledge, neither of these effects has been clearly identified in stripe-ordered 214 materials.
Recent work on the 123 system has provided new perspectives on electronic ordering phenomena in the copper oxides. At low doping levels (0.3 < x < 0.45 in (Y,Nd)Ba 2 Cu 3 O 6+x ) 32 , a unidirectional, static, incommensurate magnetic structure is observed, whereas at higher doping levels (0.5 < x < 0.75), a large gap opens in the spin excitations, and low energy fluctuations of the charge density appear 15 . The latter are found to be biaxial and incommensurate, and centered at a wave vector not directly related to the one of the magnetic fluctuations. Substitution of non-magnetic Zn for planar Cu revealed that static spin and charge modulated phases are actually competing in the 123 system 17 . The CDW correlation length increases strongly upon cooling and reaches ∼ 20 lattice spacings at T = T c , but the superconducting transition preempts the transition to CDW long-range order. Magnetic fields degrade superconductivity and enhance the CDW correlations, and recent evidence points towards the formation of a longrange ordered CDW state in high magnetic fields 14, 19, 37 . The small Fermi surface pockets revealed by recent quantum oscillation measurements 33, 34 have been attributed to electronic band-folding effects associated with CDW order. Very recent high-resolution IXS experiments have demonstrated static (albeit short-range) CDW order even in zero magnetic fields, presumably as a consequence of pinning of CDW fluctuations by defects 36, 37 .
In analogy to the 214 system, anomalies in the Cu-O-Cu bond-stretching and bond-bending vibrations have been observed at wave vectors compatible with those of the CDW fluctuations in 123 compounds. Pronounced anomalies were observed in acoustic and low-energy optical phonons at the CDW wavevector 36, 37 , thus providing a direct link between both phenomena. The situation regarding BZ-center phonons remains less clear, however, because numerous modes related to the CuO chains are present in both Raman and infrared spectra of underdoped 123 materials. In particular, a set of phonon modes detected by infrared spectroscopy at low temperatures had been tentatively attributed to charge correlations on the CuO chains 38 . Since the newly discovered CDW can be unambiguously assigned to the CuO 2 planes 15-17 and appears to be generic to the superconducting cuprates, a reinvestigation of this situation is in order.
In this paper, we present a systematic Raman scattering study of the lattice dynamics in the 123 family as function of doping, temperature and incident photon wavelength, using Raman scattering. This technique has proven to be a powerful probe of electronic and lattice vibrational excitations in strongly correlated systems 39 . In particular, the resulting data on 214 compounds at low frequencies have been interpreted in terms of phasons and amplitudons of charge stripes 40 . In the same family, the symmetry-dependent Raman intensity has been attributed to collective electronic excitations arising from fluctuations of a charge-ordered state [41] [42] [43] [44] . Their absence in the 123 family has been discussed as a consequence of short correlation lengths 45 . Here, we checked five twinfree YBa 2 Cu 3 O 6+x single crystals, with doping levels p ranging from the optimal to the strongly underdoped, which have previously been investigated using resonant x-ray scattering [15] [16] [17] . We show that despite the complexity of the Raman spectra of the underdoped, nonstoichiometric samples, which contain numerous features associated with chain oxygen ordering 46, 47 and/or local defects, vibrational modes associated with the CDW can be unambiguously identified under specific resonant conditions. Raman scattering can thus be used as a sensitive and versatile tool to investigate CDW correlations in these compounds. In agreement with a previous study 15 , we observe that they disappear rapidly below p ∼ 0.09 where the incommensurate spin fluctuations become static and where the quantum oscillations disappear. We further found that dynamical signatures of the CDW can be detected up to temperatures significantly higher than those at which signatures of static CDW order can no longer be discerned by x-rays. However, they disappear at temperatures below the pseudogap temperature T * as seen with various experimental techniques 48 .
II. EXPERIMENTAL DETAILS

A. Samples
The Raman experiments were performed on high quality detwinned YBa 2 Cu 3 O 6+x single crystals grown as described in Refs. 49 3 , and detwinned individually under a uniaxial pressure as described in Refs. 51, 52 . In order to keep these oxygen concentrations unchanged, the samples were detwinned at 400
• C under Ar flow. During detwinning, the samples were examined using a polarized light microscope. Measurements of the superconducting transitions using a superconducting quantum interference device (SQUID) showed transition widths (∆T c < 2 K), indicating good homogeneity of our samples. The hole doping level p was determined from the known dependence of the out-of-plane lattice parameter c and of T c on p 50 . Polarized light microscopy and Laue x-ray diffraction show that the a-, b-and c-axes were always parallel to the edges of our rectangular-shaped single-domain crystals. The Raman spectra are reproducible at different spots of the ab-surface of each sample, further attesting to the homogeneity of the single crystals. The in-plane orientation of the crystal was made using Laue diffraction, and further checked with the strong anisotropy of the Raman signal (chain related features appear indeed only when light is polarized along the b-axis 53, 54 (see also Fig. 5) ).
B. Raman measurements
The Raman scattering experiments were performed in backscattering geometry on a Labram (Horiba JobinYvon) single-grating Raman spectrometer equipped with a razor-edge filter. As incident photon wavelengths we used the λ=632.8 nm line of an He + /Ne + mixed gas laser (red line), the λ=532 nm line of a Nd:YAG laser (green), the 514.52 nm of an Ar + laser (green) and the λ=488 nm of a diode-pumped solid state laser. The incident laser power was ∼ 1 mW, and the beam focused through a ×50 long-working distance objective. The samples were cooled down in a He-flow cryostat. Laser induced heating is always an issue in these kinds of measurements, and its amplitude can be hard to estimate at low temperatures where the anti-stokes signal is very low. We could check that the heating was not larger than 5 K by looking at the well known superconductivity-induced renormalization of the 340 cm −1 phonon mode [55] [56] [57] [59] [60] [61] [62] [63] [64] [65] 67 . In all samples, the effect was observed at T c , as expected (see also Fig. 8 ). The spectral resolution of the spectrometer was about 2 cm −1 .
To describe the scattering geometries, we use the Porto notation A(BC)A', where A(B) and A'(C) stand for the propagation (polarization) directions of the incident and scattered light relative to the crystalline axes. All of the data presented in this paper were taken with the light propagation direction along the crystalline c-axis of our crystals, hence only the polarization orientations will be specified. In the literature 56, 57, [59] [60] [61] [62] [63] , the small orthorhombic distortion of YBa 2 Cu 3 O 6+x is often neglected, and one refers to the phonons using the tetragonal (D 4h point group) notation. Using the XX and Y Y polarizations for incident and scattered photons propagating along the crystallographic c-axis, we couple to A 1g and B 1g symmetry phonons. In the more accurate orthorhombic notation (D 2h point group), which will be used here 55, 68 , the modes have the A g symmetry.
C. X-ray characterization of chain ordering X-ray diffuse scattering measurements were conducted at the high energy wiggler beamline BW5 at the Synchrotronstrahlungslabor (HASYLAB) at the Deutsches Elektronen-Synchrotron (DESY), with x-ray beam energy of 100 keV. Following Ref. 69 , hard x-ray diffuse scattering measurements on the YBa 2 Cu 3 O 6.6 crystal reveal broad structures centered at the (4.39, 0, 2.5) and (4.61, 0, 2.5) positions of reciprocal space (Fig. 1) . They correspond to an ortho-VIII type of oxygen superstructure with a correlation length of ∼ 16Å, as expected for this oxygen content 47 . A detailed mapping of the reciprocal space structure of the chains can be found in the supplementary information of Ref. 37 . The integrated intensities and widths are essentially temperature independent, in agreement with Ref. 69 . The YBa 2 Cu 3 O 6.75 and YBa 2 Cu 3 O 6.55 single crystals were prepared with ortho-III and ortho-II order, respectively. The corresponding superstructure peaks were measured using soft x-ray resonant scattering 16, 17 , and correlation lengths of ∼ 37 A for the ortho-III sample and ∼ 100Å for the ortho-II one were found.
III. EXPERIMENTAL RESULTS
We have performed temperature dependent Raman scattering measurements on all the samples. Room temperature Raman spectra for the five single crystals are shown on the left panel of Fig. 2 . They consist of a broad, featureless electronic continuum on top of which are superimposed sharp optical phonons. The five Raman active modes associated with the ortho-I unit cell (full CuO chains) are visible at room temperature in all samples. These modes have been widely studied in the literature 53-57,59-65,67? ,68 . The corresponding atomic displacement as well as the typical energies corresponding to these modes are given in table I. Note that these values are strongly doping dependent 55, 59 . In particular, the mode close to 500 cm −1 mode softens a lot with diminishing oxygen content.
The main result of this work is clearly visible in the raw Raman data at temperature T = T c (right panel of Fig. 2) . At optimal doping, no dramatic changes in the spectra are seen upon cooling, other than the expected sharpening of the aforementioned modes. In all underdoped compounds, on the other hand, the low temperature spectra appear quite different from the room temperature ones. In addition to many weak features, which are sample dependent and related to superstructures induced by O-dopants, we observe a very large scattering intensity around 205, 465, 560 and 610 cm −1 . In YBa 2 Cu 3 O 6.6 and YBa 2 Cu 3 O 6.75 , the peak close to 465 cm −1 overlaps with the in-phase vibration of the planar oxygen atoms (labeled 'O(2) + O(3)' in table I) and the apical O(4) mode. A detailed look to the data of YBa 2 Cu 3 O 6.55 ( Fig. 3) , which is more ordered than the other underdoped compounds, and has therefore sharper phonons, demonstrates that the 465 cm −1 feature is distinct from the two surrounding phonons.
A. Raman selection rules
In Fig. 4 , we have plotted the Raman intensity measured in various scattering geometries at T = T c for the YBa 2 Cu 3 O 6.75 sample. The new modes are visible only in the XX and X X scattering geometries which select respectively the A g and A g + B 1g modes (in the orthorhombic notation). This shows that these features have the A g symmetry.
B. Role of the chains
In the 123 family, the doping level is controlled by the occupation of O positions in the CuO chains, which can lead to the formation of superstructures with different periodicity along the a-axis, depending on the heat treatment and on the oxygen content 46, 47 . As explained in the Experimental Details section, these superstructures have been characterized, and can give rise to a large number of new Raman active modes (different for each types of unit cell). In the ortho-II structure observed for oxygen contents close to x ∼ 0.5, where empty and full chains alternate with correlation lengths larger than 100Å, the superlattice induced modes (6 new Raman active phonons with the A g symmetry) are visible, but remain considerably weaker than those of the ortho-I allowed modes at all temperatures 64, 67, 70 . In view of the decreasing correlation length of the superstructures (37Å for ortho-III and only 16Å for ortho-VIII), it is reasonable to expect the related phonons to be weak and sample dependent, R a m a n I n t e n s i t y ( a r b . U n i t s ) such as those marked with " * " in Fig. 2-b . The strong features around 205, 465, 560, and 610 cm −1 observed in these three samples do not meet this expectation. Further, at variance with the weaker modes mentioned above, their energies are essentially doping independent, suggesting a common physical origin. In the most underdoped sample investigated here, YBa 2 Cu 3 O 6.45 , these modes are also observed but remain extremely weak.
A look at the data taken in the YY geometry (which also selects the A g symmetry) provides further evidence against an O-structure related origin for these modes. In this geometry, the new modes are hardly visible. The observation of the 560, and 610 cm the broken CuO chains 65, 66, 68, 71 , in particular the one at 590 cm −1 , which is very intense for the 632.8 nm incident wavelength and strongly temperature dependent at all doping levels (i.e. also at the optimal doping where the new modes are not seen). At 205 cm − 1, where chainrelated features are not present, we do not observe any peak.
It is important to emphasize that in our detwinned single crystals, the chain related structures are visible only in the YY geometry and are seen at all doping levels (Fig. 5) . Other effects such as laser induced local disorder of the oxygen structures 64, 72 are also expected to occur only in the YY channel, albeit for much higher power densities than the one used here. Those would furthermore also occur in the optimally doped compound where no effect is seen here. This allows us to rule out already at this stage any chain-related origin for the 205, 465, 560 and 610 cm −1 modes. This conclusion will be reinforced by looking at resonance effects (section III D) and at the detailed temperature dependence of these modes (section III E).
C. ZZ and XZ geometries
Before addressing these points, we present data taken with the light polarized in the ac plane on the ortho-II sample YBa 2 Cu 3 O 6.55 . On Fig. 6 we show the spectra measured in XZ and ZZ geometries that respectively probe the B 2g and A g geometries at room temperature and T = T c , and that agree well with previous reports 58, 59, 70 . At variance with the data obtained using in-plane scattering geometries, no extra features were observed at low temperature in these spectra. We note that in the B 2g spectra, a Raman active phonon is seen at 203 cm −1 and previously attributed to planar vibrations of the apical O (4) 58 . The energy of this mode is very close from the one of the feature we observe at low temperature around 205 cm −1 . Unlike this feature however, the weak B 2g peak is already seen at room temperature and appears to have a conventional temperature dependence. Furthermore, since none of the other new modes seen in the XX geometry at 465, 560, and 610 cm −1 appear in this spectra, we are led to conclude that the energy proximity between the 205 cm −1 feature and the B 2 g mode is very likely coincidental. Note finally that the absence of a strongly temperature dependent feature at 600 cm −1 in the ZZ data allow us to rule out laser-induced damages of the chains during the measurement, as reported in ref. 66 . Together with our previous observations, this indicates that the A g Raman tensor associated with the new modes is highly anisotropic (α XX >> α Y Y , α ZZ ).
D. Resonance effects
From now on, we will focus on the spectra obtained in the XX scattering geometry where the chain related complications are absent. Having determined the Raman selection rules for the new modes, we now turn to their resonance properties, that is, the evolution of their intensity as function of the incident laser light energy. The resonance profile of an excitation can bring useful information as it can be directly related to the intermediate state involved in the scattering process and has been widely used to study selectively electronic, phononic and magnetic excitations in cuprates 56, 65, [73] [74] [75] [76] [77] [78] [79] . Interestingly, when using green incident laser light, the new modes are still clearly visible, but their relative intensity is strongly reduced N o r m a l i z e d R a m a n I n t e n s i t y ( a r b . u n i t s ) R a m a n S h i f t ( c m compared to e.g. the 340 cm −1 phonon (Fig. 7) . Using the blue line, the modes disappear completely. This trend differs from previous reports concerning the other Raman active modes 56 , and from the behavior of the chain defect induced features [64] [65] [66] 71 , whose intensities are maximized for green and yellow incident lights, respectively.
Since most of the phonon studies carried out on underdoped YBa 2 Cu 3 O 6+x have used green light 55,59,61,64,67 , this might explain why this effect has not been reported by previous Raman studies. We note, however, that the 205, 560 and 610 cm −1 features were in fact seen in the XX channel in the data presented in ref. 70 in an ortho-II crystal with T c = 57.5 K (the effect at 80 K is weaker than the one reported here -likely due to a lower doping level -but still clearly visible) as well as in a sample with T c = 70 K measured with the 647.1 nm Kr + line at 15 K in Ref. 65 , where they are referred to as "weak" (which is indeed the case at low temperature) and were not further studied.
E. Detailed temperature dependence
We now take a closer look at the temperature dependence of the Raman spectra shown in Fig. 9 . At optimal doping, a redistribution of the electronic continuum as well as a renormalization of the lineshape of those phonons that couple strongly to the electrons (including the 340 cm −1 buckling mode and the low frequency c-axis polarized Ba and Cu modes) are seen upon cooling below T c (see Fig. 8 ). This is a direct consequence of the opening of the superconducting gap in the electronic density of states, an effect widely studied and quantitatively well understood 57, [59] [60] [61] 63, 80 . In the underdoped compounds, the amplitude of the superconductivity-induced renor- malization is strongly reduced, in agreement with previous studies 59, 61 . This doping evolution is understood as a consequence of the increase of the maximal gap amplitude as doping is reduced, and of the opening of the normal state pseudogap that suppresses the electronic density of states (and consequently the electron-phonon coupling) at the Fermi level.
The intensity maps of Fig. 9 Fig. 10 . We leave the feature around 465 cm −1 aside, because as mentioned earlier we cannot exclude that part of its intensity originates from the O(2)+O (3) and/or the O(4) Raman active modes (though it is clearly distinct from them, as evidenced in the ortho-II samples where all three features can be resolved as seen in Fig. 3) . In a given sample, the three modes behave in a very similar manner, their intensity being maximized around T c . A significant decrease of the intensity in the superconducting state is seen especially in YBa 2 Cu 3 O 6.75 and YBa 2 Cu 3 O 6.6 . The sensitivity of the measurement further allows us to study the doping dependence of the onset temperature, which appears non-monotonic and reaches its maximum value in 
IV. DISCUSSION
We start our discussion with a brief summary of our main experimental findings. We have shown that new, intense phonon features appear below ∼ 200 K in the polarized Raman spectra of three moderately underdoped YBa 2 Cu 3 O 6+x single crystals (x = 0.55, 0.6 and 0.75). They could not be detected at optimal doping (x = 0.95), and become extremely weak at lower doping (x = 0.45). These new features are best seen with red incident laser light, in contrast to regular Raman-active phonons (which are best seen with green light 56 ) and chain-induced defect modes (which are best seen with yellow light 65, 71 ). The intensity of these new features is maximal at the superconducting transition temperature, and decreases upon cooling below T c . The polarization selection rules, the resonance conditions, and the doping and temperature dependencies of these modes allow us to rule out a chain related origin.
The number of phonon branches is determined by the lattice symmetry. It cannot change with temperature in the absence of a structural phase transition that (i) lifts the degeneracy of some of the modes, (ii) breaks the IR/Raman selection rules (when suppressing the inversion symmetry of the crystal or driving an atom out of an inversion-symmetric site) or (iii) back-folds the phonon dispersion and thus give rises to new optical modes at the Γ point (when increasing the size of the original unit cell). The first two cases can easily be ruled out in our case. Clearly the new features we observe do not originate from splitting of the Raman active phonons of the YBa 2 Cu 3 O 7 structure; the modes that we are probing in the XX geometry are actually non-degenerate A g modes. The breakdown of inversion symmetry seems also unlikely as the new feature energies do not match those of known IR active modes 38, 81 . This therefore indicates that we are in the third situation.
The temperature and doping dependencies of the new modes, and in particular the fact that their intensity is maximized at T c , is strongly reminiscent of the recently discovered CDW correlations in underdoped YBa 2 Cu 3 O 6+x 15, 16, 19 , which compete with superconductivity. Studies carried out on the same single crystals using resonant x-ray scattering, unveiled a biaxial CDW in YBa 2 Cu 3 O 6. 6 15 and YBa 2 Cu 3 O 6.75 16 single crystals, and a more anisotropic (but still bi-axial) signal in ortho-II YBa 2 Cu 3 O 6.55 17, 20 . Qualitatively, it is natural to associate the appearance of new optical modes to the folding of the phonon dispersion in the new BZ as the CDW appears. The CDW incommensurability is only slightly doping dependent, decreasing from δ ∼ 0.32 to 0.3 (along the b * direction) when going from x = 0.55 20 to x = 0.75 16, 20 . This is consistent with the doping independence of the mode frequencies. The appearance of new phonons in an electronically-driven charge ordered state has been reported for other materials such as transition metal dichalcogenides (see e.g. Ref. 82 and references therein), manganites 83 but also in stripe-ordered nickelates 84, 85 . When the CDW is commensurate with the lattice, these effects are strong and can be quantitatively understood based on group symmetry analysis; the new zone center modes are simply the zone-boundary phonons of the high temperature phase. In the case of incommensurate structures, or in the fluctuating regime above the phase transition, these effects are usually much weaker.
In the 123 system, the CDW-induced atomic displacements are incommensurate with the underlying lattice, and the intensity ratio of the CDW satellite reflections and neighboring Bragg reflections yields an estimate of ∼ 10 −3 a for their amplitude 19 . Moreover, the CDW state always remains short-range ordered, at least in the absence of a high magnetic field [86] [87] [88] . In this sense, the amplitude of the effect reported here appears rather strong. One should, however, keep in mind the strongly resonant character of the new modes, i.e. the strong dependence of their Raman intensity on the incident photon frequency. Among the wavelengths investigated here, we observed maximal intensity for red photons with energy 1. It would be interesting to assign the new modes to atomic displacement patterns. While this is relatively straightforward for commensurate CDWs, the task is far more complex here owing to the incommensurate nature of the modulation. In addition, our recent x-ray diffuse scattering reciprocal space mapping revealed a complicated structure factor 37 , and a clear real-space picture of the atomic displacements associated with this modulated state has not yet emerged. Finally, we recall that in the presence of oxygen superstructures in the underdoped compound, the original phonon dispersion is still poorly known to-date. The only reasonable starting point is the phonon spectrum of fully oxygenated YBa 2 Cu 3 O 7 that has been widely studied using INS and IXS [27] [28] [29] [30] [31] 81 . The best candidates for the 560 and 610 cm −1 features are the branches associated with in-plane vibrations of the oxygen atoms in CuO 2 planes. These branches comprise bond-stretching modes previously argued to couple dynamically with charge inhomogeneities in the CuO 2 planes [27] [28] [29] . The assignment of the 205 cm −1 feature is more subtle since it is located in a denser region of the phonon spectrum. The energetically closest mode experimentally measured so far is associated with in-plane motion of Y and planar Cu atoms (IR-active at the zone center) 81 . Finally, the 465 cm −1 peak might originate from the backfolding of the branch dispersing from the O(2)+O(3) Raman active mode 81 .
We now turn to the temperature dependence of the new Raman features, and more specifically to their onset temperature. The three samples in which the Raman phonons are the strongest are those in which a superstructure peak has been clearly identified using soft xray scattering [15] [16] [17] . As shown in Fig. 11 the onset temperature of the Raman signal is always observed at a temperature significantly higher than the onset of the incommensurate signal seen with x-rays in the same samples [15] [16] [17] . This offset has to be related to the frequency of the probe. Recent hard x-ray experiments performed with high energy resolution 36, 37 have demonstrated that the x-ray intensity is dominated by a quasi-elastic "central peak" with energy width lower than ∼ 0.1 meV, corresponding to fairly slow (∼ 13 ps), quasi-static, fluctuations of the charge density in the system, which appears in the 150-170 K range for doping levels close to p = 0.11. Phonons on the other hand, can be seen as probes of the charge dynamics at higher frequency, i. e. on a much faster time scale (∼ 0.1 ps). The appearance of the new modes around 220 K in YBa 2 Cu 3 O 6.6 is hence a natural consequence of the survival of fast CDW fluctuations up to this temperature.
In Fig. 11 we have plotted the onset temperature of the new phonons as a function of doping, along with other phase transitions or crossover lines reported in the literature. The onset temperatures reported for the pseudogap differ substantially, possibly caused by the variety of criteria used to identify this phenomenon in different experimental techniques. Nonetheless, these temperatures can be roughly grouped into two categories 19, 86, 89, 90 . The first one (labeled T * 1 in Fig. 11 ) corresponds to the reported doping dependence of the anomalous polar Kerr effect 35 in YBa 2 Cu 3 O 6+x single crystals, and also coincides approximately with the sign change of the Hall co- 
efficient
91 and the decrease of the drop of the dynamical magnetic susceptibility seen in NMR relaxation measurements [92] [93] [94] . The other line labeled T * 2 , at higher temperature refers, among others, to the drop of the static spin susceptibility seen in NMR Knight shift measurements 95 , the onset of the Q = 0 polarized neutron diffraction signal [96] [97] [98] , the signature of a broken rotational symmetry in the Nernst effect 99 , the decrease of spectral weight in the c-axis optical conductivity 100, 101 , and the more recently observed anomalies in resonant ultrasound spectroscopy 86 . These two lines differ by ∼ 100 K around 10% doping. The onset temperatures of the Raman phonons and of the quasi-static CDW fluctuations generally fall in between T * 1 and T * 2 , but neither of them matches the doping dependence of the these lines. In any event, the CDW fluctuations appear below T * 1 , indicating that the CDW might be an instability within the pseudogapped state. Further work is required to elucidate the relationship between the CDW and the pseudogap determined by other spectroscopic probes.
At optimal doping, no evidence for the CDW-related Raman phonons is discernible in our data down to 10 17 . Clearly, the charge modulation replaces the spin modulation precisely in the doping region where, at high magnetic fields, the metalinsulator transition dissapear and quantum oscillations have been observed 105 .
V. CONCLUSIONS
In conclusion, using Raman scattering we have observed clear signatures of the CDW state recently discovered by x-ray scattering in underdoped single crystals of YBa 2 Cu 3 O 6+x . This observation allowed us to study the doping dependence of this new phenomenon in detail. The results highlight the subtle interplay between the various phases competing with superconductivity in the underdoped cuprates. Owing to the versatility of Raman scattering, the identification of Raman signatures of CDW formation will facilitate further investigations of the CDW under extreme conditions such as high magnetic fields and high pressure.
